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Background: iV-methyl-D-aspartate (NMDA) receptors play a central role in glutamatergic 
synaptic transmission in the mammalian brain and are linked to the pathophysiology and 
symptomatology of Parkinson's disease (PD). However, changes in NMDA receptor expres- 
sion in distinct subcellular compartments in PD have not been elucidated. In this study, we 
investigated changes in subcellular expression of NMDA receptors in striatal neurons in a 
rodent PD model. 

Methods: Intracranial injection of the neurotoxin 6-hydroxydopamine (6-OHDA) was selec- 
tively lesioned into the nigrostriatal dopaminergic pathway in adult Sprague Dawley rats, which 
is a common rat model of PD. A surface receptor crosslinking assay was conducted to examine 
the response of individual NMDA receptor subunits to dopamine depletion in isolated and 
confined surface and intracellular compartments of striatal neurons. 

Results: In PD rats where 6-OHDA was selectively lesioned, surface expression of NMDA 
receptor GluNl subunits as detected by surface protein crosslinking assays was increased in 
the striatum. In contrast, intracellular levels of GluNl were decreased in the lesioned region. 
The NMDA receptor GluN2B subunit was elevated in its abundance in the surface pool of the 
lesioned striatum, while intracellular GluN2B levels were not altered. GluN2A subunits in both 
surface and intracellular fractions remained stable. In addition, total cellular levels of striatal 
GluNl and GluN2A were not changed in lesioned tissue, while total GluN2B proteins showed 
an increase. 

Conclusion: These results demonstrate the differential sensitivity of principal NMDA receptor 
subunits to dopamine depletion. GluNl and GluN2B expression in the distinct surface com- 
partment underwent upregulation in striatal neurons after selective lesions of the dopaminergic 
pathway by 6-OHDA. 

Keywords: glutamate, excitatory amino acid, NMDA, GluN, dopamine, 6-hydroxydopamine, 
caudate putamen, nucleus accumbens 

Introduction 

L-glutamate is an important neurotransmitter in the mammalian brain. This trans- 
mitter interacts with a family of ionotropic and metabotropic glutamate receptors to 
regulate a variety of cellular and synaptic activities. 1 A^-methyl-D-aspartate (NMDA) 
receptors are a major subtype of ionotropic glutamate receptors. These receptors are 
assembled into functional ion channels by composing obligatory GluNl (formerly 
known as NR1 ) subunits and modulatory GluN2 subunits, mainly GluN2A (NR2A) and 
GluN2B (NR2B). 2 - 3 NMDA receptors are distributed in broad areas of brain, including 
the striatum. In this key structure of the basal ganglia, NMDA receptors are enriched 
in the medium spiny projection neurons and interneurons, in parallel with massive 
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glutamatergic afferents from multiple forebrain sites, such as 
cerebral cortex, hippocampus, amygdala, and thalamus. 4 As 
such, these receptors are actively involved in the modulation 
of striatal neuronal activities. 

In addition to the role of NMDA receptors in the regula- 
tion of normal striatal activities, malfunction of the receptor 
is linked to the pathogenesis of various neurological and neu- 
ropsychiatric disorders. Central among neurological disorders 
is Parkinson's disease (PD). This disease is a progressive neu- 
rodegenerative illness that results from dopamine deficiency 
in the striatum. In addition to dopamine, the glutamatergic 
corticostriatal pathway is suggested to play a significant role 
in the pathophysiology and symptomatology of PD. 5 Early 
studies with ligand binding assays demonstrated reductions 
in NMDA binding sites in the striatum after dopamine 
denervation. 6 - 7 In an animal model of PD, Lai et al 8 found 
enhancement of GluNl messenger RNA (mRNA) expression 
with no change in GluN2B mRNA levels in the striatum; 
others have reported elevated GluN2B mRNA expression. 9,10 
One study showed that GluNl and GluN2B proteins were 
decreased in membrane fractions of the rat lesioned striatum 
relative to the unlesioned striatum, while GluN2A abun- 
dance was unchanged. 11 However, to date, there is still no 
general consensus about the changes in the NMDA receptor 
subunits in the striatum after dopamine denervation 6 " 10,12-14 
and changes in expression of NMDA receptors in distinct 
subcellular compartments (eg, surface versus intracellular 
pools) in response to dopamine depletion has not been fully 
elucidated in the striatum. 11 

In this study, we investigated changes in NMDA receptor 
expression in the striatum in response to dopamine lesions. 
We used the most common rat model of PD, in which 
6-hydroxydopamine (6-OHDA) was injected to achieve the 
unilateral lesion of the nigrostriatal dopamine pathway. A 
surface receptor crosslinking assay was conducted to exam- 
ine the response of individual NMDA receptor subunits to 
dopamine depletion in isolated and confined surface and 
intracellular compartments of striatal neurons. 

Methods 

Animals 

Adult male Sprague Dawley rats weighing 200-250 g were 
housed in standard Plexiglas® (Evonik Specialty Chemicals 
Co. Ltd. Shanghai, People's Republic of China) cages with 
free access to food and water. Environmental conditions were 
strictly controlled to a light/dark cycle of 1 2 hours, a tempera- 
ture of 22°C, and humidity at 44%. The number of animals 
used was the minimum required for statistical analysis. All 



protocols involving the animals were approved by the Institu- 
tional Review Board of Xinhua Hospital and were performed 
according to the guidelines of the US National Institutes of 
Health for the care and use of laboratory animals. 

6-OHDA lesions and rotation screening 

Rats were anesthetized with ketamine (100 mg/kg) by intra- 
peritoneal (ip) injection. The rat head was mounted in a ste- 
reotaxic frame (Narishige Group, Tokyo, Japan). The skull was 
exposed and a burr hole was drilled to introduce a syringe for 
injection of 6-OHDA (Sigma-Aldrich, St Louis, MO, USA) 
solution containing 4 ug 6-OHDA/uL in 0.9% saline with 0.02% 
ascorbic acid (pH 5.0). The 6-OHDA solution was freshly pre- 
pared, kept on ice, and protected from exposure to light in order 
to minimize the degradation of the toxin. Each animal received 
an injection of 6-OHDA into two points: the coordinates for 
medial forebrain bundle (MFB) lesions were: anteroposterior, 
-3.7 mm; mediolateral, +1.7 mm; and dorsoventral, -7.8 mm. 
Right ventral tegmental area lesions were: anteroposterior, 
-4.4 mm; mediolateral, +1.2 mm; and dorsoventral, -7.8 mm. 
The tooth bar was set to -2.4 mm. 15 ~ 17 A total volume of 4 uL 
6-OHDA was injected at a flow rate of luL/minute. After injec- 
tion, the needle was kept in position for additional 1 0 minutes to 
prevent backflow of injected drugs. After the injection, the skin 
was sutured and the animals were removed from the stereotaxic 
instrument and placed on a heating pad for 30 minutes before 
returning to the animal housing facility. As controls, sham 
lesions were made by injecting a vehicle solution. 

Rat rotation screening was performed in order to vali- 
date the 6-OHDA lesion. 1617 Twenty-one days after surgery, 
the lesioned rats were injected with apomorphine (Sigma- 
Aldrich) at a dose of 0.25 mg/kg (ip) and were then placed in 
a stainless steel cylindrical bowl. The number of contralateral 
rotations was counted for a 30-minute period beginning 
5 minutes after administration of apomorphine. The rats 
exhibiting a vigorous rotational response to apomorphine 
and turning with an average of more than seven turns per 
minute were justified as successfully lesioned animals and 
selected for further study. 

Western blot analysis 

Western blot was performed as described previously. 18 Rats 
were anesthetized with pentobarbital (50 mg/kg, ip) and 
decapitated. Brains were immediately removed and trans- 
ferred to a plastic plate cooled on ice to dissect the both 
sides of striatum. Tissues were homogenized by sonication 
in radioimmunoprecipitation assay (RIPA) buffer containing 
50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% sodium dodecyl 
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sulfate, 1 mM EDTA (ethylenediaminetetraacetic acid), 
1% Nonidet P-40 (octylphenoxypolyethoxyethanol), 2 mM 
PMSF (phenylmethylsulfonyl fluoride), and protease inhibi- 
tors (Roche Applied Science, Indianapolis, IN, USA). The 
homogenate was centrifuged at 1,000 g for 10 minutes at 
4°C. The pellet containing mainly nuclei and large debris was 
discarded. The supernatant was used and protein concentra- 
tion was determined using a Pierce bicinchoninic acid (BCA) 
assay kit (Thermo Fisher Scientific, Rockford, IL, USA). 
Samples were boiled 5 minutes in Laemmli Sample Buffer 
(Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts 
of protein were loaded on 4%-15% Tris-HCl gradient gels 
(Bio-Rad Laboratories). After electrophoresis, proteins were 
transferred to a polyvinylidene fluoride membrane (Bio-Rad 
Laboratories). The membranes were blocked in blocking 
buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 
0.1% Tween 20 and 5% w/v nonfat dry milk for 1 hour at 
room temperature. The blots were incubated overnight at 
4°C in a primary rabbit antibody against GluNl (1:1,000; 
EMD Millipore, Billerica, MA, USA), GluN2A (1:1,000; 
EMD Millipore), or GluN2B (1:1,000; EMD Millipore), or 
a primary mouse antibody against a-actinin (1:1 ,000; EMD 
Millipore), or a mouse monoclonal (3-actin antibody ( 1 :5,000; 
Sigma-Aldrich), or tyrosine hydroxylase (TH) (1:5,000; 
Sigma- Aldrich). The membranes were subsequently washed 
with TBST (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 
0.1% Tween 20) and followed by 1-hour incubation in an 
horseradish peroxidase-conjugated goat secondary anti- 
body against rabbit or mouse IgG (1:2,000; Cell Signaling 
Technology, Danvers, MA, USA) at room temperature. 
Bound antibodies were visualized using the enhanced 
chemiluminescence detection system (EMD Millipore) 
and analyzed quantitatively using the Image Lab Software 
(Bio-Rad Laboratories). 

Surface receptor crosslinking assays 

Assays were performed as described previously. 18-20 Briefly, 
assays were carried out with a membrane-impermeable 
crosslinking reagent bis(sulfosuccinimidyl) suberate (BS 3 ) 
(Pierce; Thermo Fisher Scientific, Rockford, IL, USA), 
which only crosslinks proteins on the surface membrane 
of intact cells. Rats were anesthetized with pentobarbital 
(50 mg/kg, ip) and were decapitated. Brains were removed 
and sliced. The striatum was removed to an Eppendorf tube 
containing ice-cold phosphate buffered solution. BS 3 was 
added to a final concentration of 2 mM and incubated with 
gentle agitation for 30 minutes at 4°C. The crosslinking 
reaction was terminated by quenching with 20 mM glycine 



(10 minutes, 4°C). The tissue was then washed four times in 
cold artificial cerebrospinal fluid (10 minutes each). Samples 
were homogenized and analyzed directly by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (4%-15% Tris- 
HCl gel; Bio-Rad Laboratories). To determine that BS 3 does 
not have access to intracellular proteins, we use a-actinin pro- 
tein based on selective immunodetection of the monomeric 
band but no crosslinked band for this protein. a-Actinin is 
an intracellular protein. Using the same crosslinked and 
non-crosslinked samples, verify that probing with antibodies 
(a-actinin) to intracellular proteins yields only a single band 
at the predicted molecular weight. This confirms that BS 3 
did not have access to the intracellular compartment during 
incubation of brain slices. 18,20 ' 21 

Statistics 

The experimental data are presented as means + standard 
error of the mean. One-way analysis of variance followed 
by least significant difference post hoc comparison tests 
was employed to analyze data among different groups. 
Student's Mest was used to observe differences between 
the lesioned side and the unlesioned side. Significance was 
setatP<0.05. 

Results 

The depletion of TH in the striatum 
after 6-OHDA lesions 

We first examined abundance of TH, a marker for dop- 
aminergic neurons, in the striatum to validate the lesion of 
dopamine neurons with 6-OHDA. As shown in Figure 1, 
TH protein levels in the striatum remained stable in the 
lesioned side as compared with the unlesioned side in a 
sham group of rats (92.60%+5. 15% of the TH levels in the 
unlesioned side, P>0.05). In contrast, in 6-OHDA-lesioned 
rats, the striatal TH abundance in the lesioned side was 
reduced to 2.52%±0.26% of that in the unlesioned striatum. 
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Figure I Tyrosine hydroxylase levels in the striatum. 

Notes: Western blot for TH of extracts from striatums of sham and 6-OHDA- 
lesioned rats. The optical density quantified by densitometry and the value of the 
lesioned side is expressed as percentage of the unlesioned striatum (lesioned/ 
unlesioned X 100% ± SEM). *P<0.0l versus sham. 

Abbreviations: PD, Parkinson's disease; U, unlesioned side; L, lesioned side; TH, 
tyrosine hydroxylase; SEM, standard error of the mean. 
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This confirms the denervation of the nigrostriatal dopamin- 
ergic pathway in the injected side. 

Surface and intracellular expression 
of NMDA receptors 

BS 3 selectively crosslinks cell surface receptors, forming 
high molecular weight aggregates, while intracellular 
receptors are not accessible to this membrane-imper- 
meable reagent. The BS 3 -linked high molecular weight sur- 
face receptors and the BS 3 -unlinked intracellular receptor 
monomers can be readily separated by gel electrophoresis 
and visualized through the following immunoblots. 16-18 
Indeed, as shown in Figure 2A, a high molecular weight 
band (BS 3 -linked) was observed for all subunits (GluNl, 
GluN2A, and GluN2B) in BS 3 -treated striatal tissue. No 
such band was seen in control tissue. In addition, a single 
band (ie, BS 3 -unlinked band) was seen for each individual 
subunit, which corresponds to the predicted molecular 
weight of GluNl (-120 kDa), GluN2A (-180 kDa), 
and GluN2B (-180 kDa) monomers. For an intracellu- 
lar protein a-actinin, no crosslinking effect of BS 3 was 
seen (Figure 2B). These results are consistent with those 
reported previously 16 and validate our BS 3 crosslinking 
assays in detecting surface versus intracellular receptor 
expression in striatal neurons. 

Changes in cellular expression 

of NMDA receptors in the striatum 

after 6-OHDA lesions 

We next examined changes in NMDA receptor expression 
in the striatum after dopamine depletion. We first investi- 
gated changes in total cellular levels of GluNl, GluN2A, 



and GluN2B proteins. No significant change in GluNl 
levels in the striatum was seen in the 6-OHDA-lesioned 
side as compared with the unlesioned side (Figure 3A). 
Similar results were found for GluN2A (Figure 3B). In 
contrast to GluNl and GluN2A levels, the GluN2B protein 
level was significantly higher in the lesioned side than 
in the unlesioned side in PD rats. GluN2B levels in the 
6-OHDA-lesioned side reached 126.13%+5.41% of the 
sham animal unlesioned side (P<0.05; Figure 3C). Thus, 
dopamine lesions by 6-OHDA increased GluN2B expres- 
sion in the striatum, while GluNl and GluN2A expression 
remained stable. 

Changes in surface and intracellular 

expression of NMDA receptors 

in the striatum after 6-OHDA lesions 

We next examined whether 6-OHDA alters receptor expres- 
sion in confined subcellular pools of striatal neurons. In 
assays analyzing GluN 1 , we found that GluN 1 in surface frac- 
tions was increased in the 6-OHDA-lesioned side relative to 
the unlesioned side in PD rats and to both lesioned and unle- 
sioned sides in sham rats (157.06%+7.99% of surface GluNl 
in the sham unlesioned side, P<0.05; Figure 4A and B). 
In contrast, intracellular GluNl levels in lesioned side of 
PD rats were decreased to 76.49%+1.96% of levels in the 
sham unlesioned side (P<0.05; Figure 4A and C). Due to 
an increase in surface pools and a decrease in intracellular 
pools, the surface to intracellular ratio of GluNl expression 
was significantly higher in the 6-OHDA-lesioned side than 
in other sides (Figure 4D). These data suggest a redistribution 
of GluNl (from intracellular to surface locations) in striatal 
neurons after dopamine lesion by 6-OHDA. 
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Figure 2 BS 3 crosslinking measures surface and intracellular pools of NMDA receptors. 

Notes: (A) In crosslinked tissue, both high-molecular-weight (surface expressed) and monomeric (intracellular) molecular weight bands were detected, whereas non- 
crosslinked tissue yields only a monomeric (intracellular) band corresponding to the predicted weight of GluNl, GluN2A, and GluN2B {1 20 kD, 1 80 kD, and 1 80 kD 
respectively). (B) There were bands at 1 00 kD that corresponds to a-actinin without the presence of a high-molecular-weight aggregate in both tissues, indicating that BS 3 
crosslinking was selective for surface proteins. 

Abbreviations: NMDA, N-methyl-D-aspartate; Con, control; BS 3 , bis(sulfosuccinimidyl) suberate. 



submit your manuscript | www.dovepress.com 
Dovepress 



Drug Design, Development and Therapy 20 1 4:8 



Dovepress 



Dopamine-regulated NMDA receptor expression 



Sham PD 



U L U 



GluNM 



Actin 



B 



GluN2A 



Actin 



E 

in <S 
= m 

& -o 

O CD 



150 



100 



z 


esh 


50 


3 


c 




o 


3 








0 














(/) 


am 


150 


c 






'(D 


to 




rot 


~o 
o 


100 


Q. 


c 




< 


o 




N2 


les 


50 


3 


c 




o 


3 


0 


5? 



I Unlesioned 
I Lesioned 



HI 



Sham 



PD 




I 



Sham 



PD 



GluN2B 



Actin 



in 


am) 


150 


C 


.c 




'CD 


in 




rot 


ed 


100 


Q. 


c 




CQ 


o 




N2 


les 


50 


3 


c 




o 


3 






5? 


0 




Sham 



Figure 3 Effect of 6-OHDA on total GluNI/GluN2A/GluN2B proteins of rat striatum. 

Notes: (A and B) In the 6-OHDA-lesioned side, there was no difference in total GluN I and GluN2A expression relative to other sides. (C) Total GluN2B levels in the 
6-OHDA-lesioned sides were significantly higher than other three sides. The data are expressed in terms of means ± SEM and expressed as a percentage of the sham 
unlesioned side {n-3—4 per group). *P<0.05 compared with the sham unlesioned side. 

Abbreviations: 6-OHDA, 6-hydroxydopamine; PD, Parkinson's disease; U, unlesioned side; L, lesioned side; SEM, standard error of the mean. 
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Figure 4 Effect of 6-OHDA lesions on GluN I receptor expression in surface and intracellular pools of rat striatum. 

Notes: In the 6-OHDA-lesioned side, there was an increase of surface (A and B) and a decrease of intracellular (A and C) expression in GluN I relative to other sides. 
(D) The S:l ratio was also significantly higher than other three sides. The data are expressed in terms of means ± SEM (n-4 per group). *P<0.05 compared with the sham 
unlesioned side. 

Abbreviations: 6-OHDA, 6-hydroxydopamine; PD, Parkinson's disease; U, unlesioned side; L, lesioned side; BS 3 , bis(sulfosuccinimidyl) suberate; S, surface; I, intracellular; 
SEM, standard error of the mean. 
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Figure 5 Effect of 6-OHDA lesions on GluN2A receptor expression in surface and intracellular pools of rat striatum. 

Notes: (A-C) There was no difference among four different sides in neither surface level nor intracellular level. (D) The surface to intracellular ratio of GluN2A expression 
was not altered. The data are expressed in terms of means ± SEM (n-4 per group). 

Abbreviations: 6-OHDA, 6-hydroxydopamine; PD, Parkinson's disease; U, unlesioned side; L, lesioned side; BS 3 , bis(sulfosuccinimidyl) suberate; S, surface; I, intracellular; 
SEM, standard error of the mean. 



Unlike subcellular expression of GluNl, subcellular 
expression of GluN2A was insensitive to 6-OHDA lesion. No 
significant change in this subunit in either surface or intracel- 
lular fractions was seen in PD and sham rats (Figure 5A-C). 
As a result, the surface-to-intracellular ratio of GluN2A 
expression was not altered (Figure 5D). 

A significant increase in surface expression of GluN2B 
occurred in the lesioned striatum (172.47%+5.43% of 
GluN2B surface expression in the sham unlesioned side, 
P<0.05; Figure 6A and B). However, intracellular expres- 
sion of GluN2B was unchanged (Figure 6C). The surface- 
to-intracellular ratio of GluN2B expression was elevated 
primarily due to an increase in surface expression of the 
subunit (Figure 6D). These results demonstrate that GluN2B 



in surface membranes is subject to upregulation in response 
to 6-OHDA lesion. 

Finally, we investigated the effect of 6-OHDA on expres- 
sion of an intracellular protein a-actinin. Protein levels of 
a-actinin were not significantly altered in the lesioned side 
compared with the unlesioned side in both PD and sham 
rats (Figure 7). 

Discussion 

In this study, we investigated changes in NMDA receptor 
expression in striatal neurons in response to dopamine deple- 
tion in a rat PD model. We focused on the receptor expression 
in specific pools of receptors, ie, surface versus intracellular 
compartments, with a surface receptor crosslinking assay. 
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Figure 6 Effect of 6-OHDA lesions on GluN2B receptor expression in surface and intracellular pools of rat striatum. 

Notes: (A and B) In the 6-OHDA-lesioned side, there was an increase of surface expression in GluN2B relative to other sides without (C) the changes of intracellular 
expression. (D) The S:l ratio was significantly increased in the PD lesioned side compared with the other three sides. The data are expressed in terms of means + SEM (n— 4 
per group). *P<0.05 compared with the sham unlesioned side. 

Abbreviations: 6-OHDA, 6-hydroxydopamine; PD, Parkinson's disease; U, unlesioned side; L, lesioned side; BS 3 , bis(sulfosuccinimidyl) suberate; S, surface; I, intracellular; 
SEM, standard error of the mean. 
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Figure 7 ct-Actinin expressions. 

Notes: There was no difference among the 6-OHDA-lesioned side, the saline-lesioned side, and the unlesioned side. The data are expressed in terms of means + SEM (n— 4 
per group). 

Abbreviations: PD, Parkinson's disease; U, unlesioned side; L, lesioned side; SEM, standard error of the mean; 6-OHDA, 6-hydroxydopamine. 



Our result verified that the BS 3 crosslinking method allowed 
discrimination between surface proteins and intracellular 
components in NMDA subunits. We found that NMDA 
receptors underwent drastic subunit-selective changes. While 
GluN2A expression in both surface and intracellular pools 
remained unchanged, GluNl and GluN2B were upregulated 
in their abundances in the surface pool of striatal neurons in 
6-OHDA-lesioned rats. Intracellular expression of GluNl 
was decreased in the lesioned striatum. To our knowledge, this 
study is the first to measure surface-expressed NMDA receptor 
subunits in a PD animal model with a crosslinking method. 
These data reveal the response of major individual NMDA 
receptor subunits in confined subcellular compartments of 
striatal neurons to dopamine depletion. Selective lesions of the 
nigraostriatal dopaminergic pathway may upregulate surface 
expression of GluNl /GluN2B receptors in the striatum. 

A major finding in this study is the change in GluNl 
expression in response to dopamine lesions. This change 
was characterized by an increase in abundance in the surface 
pool and a proportional decrease in the intracellular pool, 
while total GluNl protein levels were not changed. This 
unique pattern of changes implies a redistribution of GluNl 
proteins from intracellular to surface locations. This may 
result from an increase in GluNl exocytosis or a decrease 
in GluNl internalization or both. Another important finding 
is that GluN2B, like GluNl, was another subunit sensitive 
to dopamine lesions. 6-OHDA lesions caused a significant 
increase in surface expression of GluN2B as well as in the 
total level of GluN2B. 6-OHDA lesions caused a significant 
increase in surface expression of GluN2B as well as in the 
total level of GluN2B, while intracellular GluN2B expres- 
sion remained the same. This suggested that the increase of 
new GluN2B receptors preferentially expressed on the cell 
surface. It is well documented that in the intracellular pool, 
the endoplasmic reticulum is involved in synthesis, assembly, 
and secretion of NMDA receptors. 1118 One likely possibility 



is that overall increase of new GluN2B protein synthesis 
could account for the NR2B increase after dopamine dener- 
vation, and enhancement of trafficking or delivery of NR2B 
from the intracellular pool to the surface membrane is likely 
concurrence. Given that surface expression of both GluNl 
and GluN2B were increased in parallel while GluN2A was 
not altered, GluNl/GluN2B are believed to be a sensitive 
subtype subjected to the modulation by dopamine depletion. 
An early report by Dunah et al 1 1 showed insignificant changes 
in total striatal GluNl, GluN2A, and GluN2B proteins after 
6-OHDA lesions. However, GluNl and GluN2B levels in stri- 
atal synaptosomal membranes were reduced. 11 One reason for 
the discrepancy as compared with our results may be the dif- 
ferent survival durations employed in the two studies (2 1 days 
in our study and 14 days in the study by Dunah et al 11 ). The 
different survival durations after 6-OHDA lesion may lead 
to the different degrees of nigrostiratal damage. Evidence 
showed that the loss of dopaminergic terminals increased 
linearly, over the days after 6-OHDA injection, peaking at 
the third week. 22 The different degrees of nigrostriatal dam- 
age is a possible reason for the differences between the two 
studies. Another reason may be related to different methods 
for detecting surface receptors used in the two studies. 

The striatum receives both dopaminergic input from sub- 
stantia nigra pars compacta and glutamatergic input from the 
cerebral cortex and thalamus. In PD, the loss of dopaminergic 
innervation elicits secondary alterations in glutamate recep- 
tors, especially NMDA receptors. It is current opinion that 
after 6-OHDA-lesion, glutamate is at high concentrations and 
leads to the upregulation of total glutamate receptors. Then, 
altered corticostriatal transmission and aberrant activation 
of postsynaptic signal transduction pathways (eg, calcium/ 
calmodulin-dependent protein kinase II) lead to persistent 
maladaptive changes in the regulation of late-activated genes, 
including alteration in membrane receptors. 23 The increased 
GluNl/GluN2B surface expression may be a response to 
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altered excitatory transmission. Also, CaMKII autophos- 
phorylation is an important regulatory mechanism involved 
in subcellular distribution and anchoring to the membrane. 24 
Upregulation of NMD A receptors may increase the intracellu- 
lar Ca 2+ and subsequent increase in second messengers, which 
causes enhanced metabolic stress on mitochondria, excessive 
oxidative phosphorylation, increased production of reactive 
oxygen species, and final neurodegeneration. Thus, NMDA 
receptor-mediated excitotoxicity has been suggested to be 
one of the possible causes of the neuronal degeneration. 25-27 
According to our experimental results, GluNl and GluN2B 
may be more potentially involved in the development of PD. 
Some research has shown that the striatal projection neu- 
rons are enriched in NMDA receptors composed of GluNl / 
GluN2B subunits. 25 - 28 GluNl /GluN2B receptors contributed 
to the cell death pathway, and GluN2A-containing NMDA 
receptors mediated the cell survival signaling pathway 10,29 
Pharmacological studies have also demonstrated that the 
use of selective GluNl /GluN2B NMDA antagonists in the 
therapeutics of a PD animal model was supported. Reduction 
in expression of GluNl or blocking expression of GluN2B 
could ameliorate the motor symptoms in the 6-OHDA- 
lesioned rat. 30-32 The application of the gene silencing 
targeting the GluN2B subunit could effectively ameliorate 
the Parkinsonian motor symptoms, reduce GluN2B protein 
expression, and attenuate the dopaminergic cell loss in the 
striatum and substantia nigra regions. 10 However, a random- 
ized, double-blind, placebo-controlled study conducted in PD 
patients did not support the benefit of GluN2B antagonist. 33 
Although administration dose and time of GluN2B antagonist 
were discussible in this study, it takes a long time to move to 
clinical trials from animal studies. 

In conclusion, NMDA receptors are key modulators of 
striatal functions with upregulation of GluNl and GluN2B 
surface compartments in striatal neurons after 6-OHDA- 
lesion. Our results demonstrated that GluNl /GluN2B recep- 
tors were important mechanisms of PD and provides support 
for this possible useful therapeutic target. 
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